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IMPROVED CALCULATIONS OF ENERGY DEPOSITION FROM FAST NEUTRONS

D. J. Brenner, R. E. Prael, J. F. Dicello, and M. zaider®
Lns Alamos Mational Lzboratory
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ABSTRACT

' Increased interest in fast neutrons for radiotherapy has led to a need
for acevrate measurements and calculations in the energy region up to 100
MeV. Experimental neutron cross sections on elements of biological
interest in the region above 15 MeV are sparse. Moreover, until recently,
no secondary particle production spectra had been measured in this euergy
range. New data from the University of California at Davis has allowed
cross-sectional calculations to be more firmly based. This in turn results
in improvad calculations of dose and energy dcposition in small sites from
high-energy neutrons.

Secondary particle prodnction spectra due to neutrons incident on
carbon &nd oxygen are calculated using an intranuclear cascade code which
takes into account specific nuclecar properties of carbon e&nd oxygen (in
perticular, alpha-particle clustering). It also allows excited nuclei to
deexcite by Fermi breakup rather than the mcre frequently used statistical
evaporation mechanism, which 1s not applicable to low-mass nuclei. The
code yiclds double-differential secondary particle spectra in energy and
engle which show good agreement with the experimental data from the
University of California at Davis at 27, 40, and 61 MaV.

The use of these complete theoretical cross-section data allow, for
example, the calculation of absolute depthrdose curves for particular
beams, as opposed to depthrkarma curves which are less sensitive to
secondary particle distributions. These calculations are performed with a
Monte Carlo neutron transport code; buildup curves which are sensitive to
secondary rharged particle distributions are calculated for high energy
neutror beams (e.g., p(65)-Be).

The cross—sectional data set also allows the calculation of
energy—daposition distributions in small sites, these distributions being
eve,y worea -nritive to the secondary particle spectra. Microdosimatric
lineal eanergy spectra are calcuiated with Monte Carlo techniques reported
praviously using as input measured neutron enexgy spectra. As an example,
tha lineal energy spectra from p(65)-Be and 20 eV monoenergetic neutrons
in a 2-1m site size show excellent agreement with expariment.
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Introduction

The increase 1in interest in fast neutron radiotherapy f{n USA and
Eurcpe has focused attention on the lack of reliable neutron
cross—sectional data above 15 MeV. Possible theoretical techniques for
predicting these cross-sections for carbon, oxygen, and nitrogen have bean
reviewed by Jackson and Brenner.! In light of ::is work, it is clear that
calculation specific to light nuclei must be uscd, We have, thereicre,
chosen to refine an Intranuclear cascade and deexcitation model putting in
specific nuclear data to make the deexcitation as realistic as possib’ec.

Theory of the Cascade and BSreakup Models

The calculations described in this paper have been performed with two
codes designated INCAl and INCA2. Originally obtained from the University
of Haryland,z the two codes have been exteansively rewritten, modified and
extended at Los Alamcs. INCAl is an intranuclear cascade code based on the

well-known VEGAS3 code. INCA2 18 a code to calculate the deexcitation of
light nuclei by the Fermi breakup model. ‘

INCAl 1s based on the scheme presented by Chen® with the following'
different features: ‘

1> 1t lacks the pion physics of the VEGAS code, and thus is wuseful
only below the pion produntion threshold.

2) a treatment of alpha and deuteron clusters, with user specified
spectroscopic parameters;

3) among other options, the nuclear density may be described by a
three-parameter Fermi distribution or a harmonic well.

At the present time, the cluster treatment is rather limited and
unrealistic in that the clusters are treated as fermions. The breakup of
tha clusters within the nucleus is allowed, but the method has not been

closely examined. An improved quantun—wmechanical trestment of clusters 1is
flanned.

INCA2 18 wused to calculate the deexcitation nf rha residuai nuclel
obtained from INCAl. The formulation follows the prescripticon of Epherre®,
with chai sel probabilities and particle momenta determined by phasa space
considerations., H:.ever, a number of features have been included to
supplement the basic Fermi breakup modal:

l. wup to seven-body breakup modes are allowed;

2. particle-unstable levels are allowed 38 intermzdiate states, thus
permitting sequential decay processas;

3. two-body breakup channelu use a Coulomb barrjer penetration factor
approx.mated from Coulomb wave functions, while multiparticle modes
use & breakup threshold adjusted for Coulombd energy;

4, two-body breakup of levels with known 13pin and parity ara

restricted to conserve parity and are inhibited by neutral particle
angular momentum barrier penetvatrion factors.

Although the two codes have rcveral adjustable paramaters, perhaps the
most sensitive are the cutoff parameters to specify the mininum euergy &
particle may have to escaps during the cascade. Righ cutoffs favor
' compound nucleus formation, while low cutoffs favor diract reactions in the
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cascade stage. In the calculations described below, the cutoff energiles
for the charged narticles was taken to be 1 MeV above the Coulomb barrier,
while 3 eV was used as a neutron cutoff. The calculation employed a time
average of one alpha cluster plus eight nucleons in 12¢,

Results of the Cascade

In Fig, l, the calculated nonelastic and (n,n’)3a sections for
neutrons on 12C are shown. The nonelastic cross section agrees fairly well
with experimental results above 40 MeV, but is noticeabiy smaller than the
ENDF-B/V evaluat - uLelow 20 MeV, as 1s the (n,n")3a cross sec:tion. The
overestimation .f a particle production at 20 ;MeV by the ENDF-B/V
evaluation has been qualitatively inferred by McDonald et al.’ In Fig. 2,
angle-integrated secondary particle production cross sections at 40 MeV are
shown and compared with the experimental data of Brady and Romero. These
figures 1llustrate - some general trends in the calculation over the whole
energy range of interest:

l. generally good agreement is obtained for protons, tritons, and
alpha parcticles at 27, 40, and €1 MeV;

2. calculated results for alpha particles are somewhat low at high
energles;

3. the lack of a model for pickup reactions leads to deuteron
production rates that are a factor of 3 to 5 too low over this
energy reglon.

We have also calculated double-differential particle production
spectra which show the same trends and about the same degree of agreement
as the angle-integrated data. As an example we show in Fig. 3 the proton
spactra at two angles resulting from 61 MeV neutrons incident om *4C.

In Fig. 4, the calculated kerma factors for 12¢; are shown over the
energy region 10 MeV to 100 MeV. The results include the corr-ibution from
all heavy fragmen;s and an elastic recoil contribution calculated by
Herling and Bassel.’ In Table 1, the calculated contributions of varicus
particles to thc kerma factor are compared to experiment. In addition, the
results of3calc atjons forcing the breakup to go entirely by the compound
nucleus C (an approach used, for example, by Dimbylow ) are shown; the
individual contributions show much less agreement with experiment.

Ernrgy Deposition Calculation Technique

The production of reliable cross sections for secondary-particle
proeduction allows us to perform improved calculations of depth-dosa curves,
buildup curves, agd microdosimetric spectra. Cur techniques have been
described earlier’: in essence, a pointwise Monte Carlo approach is used in
which an experimentally determined energy spectrun of neutrons 1is
transported and the resultant heavy charged particles are tracked from one
ionizing collision to tha next, the secondary and higher generation
delta-ray tracks which cause straggling also being followed uvaing Monte
Carlo methods. The differantial production cross sections for delta rays
were estimated by assuning that delta-ray formation processes for given ion
values of z and B (i.e., chargn and speed) are the same as for electrons
except for a scaling factor of z¢, The primary eloctron data were obtained
as in Rel. 9. WUe intend to incorporate recent data on delta-ray production
‘4n fon atom collision (e.g., Raf. 10) into our calculation which will
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remove scme of the uncartainties assocfated with the scaling described
above.

Results of Energy Deposition Calculations

In order to test our calculations at energies well above 20 heV, we
show some results for the p(66/65)-Be neutron beams at Fermilab/UC Davis.
In both cases, the initial neutron energy spectrunm was taken from
measurements at UC Davis,11 together with low energy neutron production
data (< 19 MeV) taken from activation measurements in a 4(40)-Be beam,
the latter measurement being normalized at 10 MeV to the former.

Figure 5 shows our calculations of the central-axis depth-dose curve
in comparison with experiment. Figure 5a is absolutely normalized to the
incident proton current, a feature not accomplished in other such
calculations. The buildup regina, shotm 1In Fig. 5b shows moderate
agreeuwent with experiment.13 Possible sources of part of the disagreement
are external protons and photons originating in the target or collimator.
Calculationally, the use of the d(40)-Be low-energy neutrun spectrum below
10 MeV may be the source of some of the discrepancy. More recent
experimental data from Fermilab between 0.29 and 0.58 gm/cm2 are,
however, 1in significantly better agreement th the calculation. Figure 6
shows off-axis dose profiles under a 6 x 6 cm” collimator, which show good
agreement with experiment.lJ The degree of agreement at distances from the
axis greater than 6 cm (f.e., underneath the <collimator) {s surprising,
indicaring only a small contribution to the dose irom the collimator
itself. Figure 7 shows & comparison of calculated and experimental
microdosimetric spectra for p(65)-Be and for 20 MeV monoenergeti{c neutrons.
In both cases good agreement with experiment was obtained, 1in the latter
cagse significantly better than the calculaticn of Caswell ard Coyne16 who
used ENDF/B cross sections and did not take straggling into account.
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Partial Kerma Factors for 12C at 27.¢ MeV(rad/(lOlgfcm?))

TABLE 1

Particle Experiment
P - 0.37 = 5%
d 0.42 = 20%
t 0.02 = 20%°
3He —-———=
a 1.78 % 5%
Nonelastic —-———
recoil
Kerma for
p 0.89 t 52
d 0.62 = 57
t 0.10 * 5%
e 0.08 t 20%
a 1.45 = SX
Nonelastic ———
reccil
Kerma for
P 2.11 * 52
d 1.22 % 52
€ 0.26 * 20%
3He 0.13 % 20
a 1,21 % 5%

lorn lastic
recoil

Cale

0.326 N 4
0.090 £ 1.1%
0.029 * 1.6Z
0.0034 % A%

1.895 £ 0.57%

1. X%

+ B I+

0.230 * 0.6%
12c a¢ 39.7

0.792 £ 1.0%
0.121 * 1.0%
0.106 * 1.1%
0.034 * 1.4%
1.403 & 0.6%
0.380 * 0.6%
126 a¢ 60.7

1.757 ¢ 0.9%
0.224 + 1.1%
0.160 + 1.2%
0.083 * 1.5%
1.291 1 0.7%
0.365 £ 0.7%

Rosenberg ard M. Awschalom, Med. Phys. 8, 99 (1981).

S. Caswell and J. J. Coyne, see Ref. 5.

cale(l3c®)

0.235 = 1.27%
0.241 £ 1.1X
0.077 £ 1.6%
0.0u88 t 4%
2.493 £ 0.57

0.420 % 0.97%
0.330 £ 1,27
0.431 £ 1.12
0.420 = 1.12
0.093 £ 1,82
1.961 % 0.92
0.792 £ 0.92
0.777 £ 1.1%
0.831 = 1.2%
0.733 t 1.1%
0.258 t 1.5%
2.555 = 1.0%
0.752 = [.1X
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Some partial cross-sections in 12C:

Upper Full Line: Calculated nonelastic cross
section.
Upper Dashed Curve: ENDF-B/V evaluation >f non-
elastic cross section.

Lower Full Line: Calcuiated (n,n')3a cross section.

Lower Dot-Dash Curve: ENDF-B/V evaluation of
(n,n')3a cross section. The
crosses are experimental data
points.
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Comparison of calculated angle-integratedlgifferential cross

sections for 40 MeV neutrons igcident on ““C with the experi-
mental results of Brady et al.




do/dn (B/SR-MEV)

QNX P) ENTRGY~SIMEY ANCLE~20* QNX P) ENERCY=8WEV ANGLE-¢O"

]
:
B "
: bt
4 gef ] il
] S 1
N
| )
- —YT ™ T ‘J m‘ T u v
° » | ® 20 a0 0 w0 ° 0 0 -
ENERGY (MEV) ENERGY (MEY)
Figure 3

Comparison of calculated double differential cross sections for
proton production by 61 MeV neutrons_incident on 12¢ with the
experimental results of Brady et al.
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Off-axis dose profiles for a

5.7 x 5.7 cm? field size in

a p(65)-Be(40) beam. The
points are from this calcula-
tion; the full line (2 cm
depth) and the dashed line
(20 cm'depth) are experimen-

tal results from Ref. 15.



-
DI
y (keV/um)
L ‘l 1 1 ] L] ¥ ]
o a—— MCDONALD et al., (1980}
03~ e THIS CALCULATION =

02~

y*l{y)

01—

| 10 100 1000
y(keV s um)

Figure 7

Microdosimetrjic spectra for a p(65)-Be(65) beam
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